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ABSTRACT
This work presents chemical and isotopic (δ13C-CO2, δ
13C-CH4, 
3He, 4He, 20Ne, 40Ar, 36Ar, δ18O and δD) data on fluid discharges from 
the Colpitas-Taapaca volcanic-hydrothermal system, located close 
to the Taapaca Volcanic Complex, with the aim to investigate the 
physical-chemical conditions of the fluid source and to provide a 
preliminary evaluation of the geothermic potential of the study 
area. Colpitas thermal springs (to 56 °C) and part of the cold 
springs (≤18°C) from this area have a Na+-Cl- composition and 
Total Dissolved Solids (TDS) values (from 6,059 to 19,118 mg/L). 
Putre springs also show a Na+-Cl- composition, TDS values up to 
7,887 mg/L, and outlet temperatures from 21 to 31 °C. Colpitas 
cold springs, with a Ca2+-SO4
2- composition and relatively low 
TDS values (≤1,350 mg/L), are likely produced by interaction of 
shallow water with uprising H2S-rich hydrothermal gases. This 
process is likely also controlling the chemistry of Jurase thermal 
springs, which have the highest outlet temperatures of the study 
area (up to 68 °C), a Ca2+-SO4
2- composition and TDS values ≤2,355 
mg/L. Eventually, Las Cuevas springs have temperatures up to 36 
°C, a Na+-HCO3
- composition and low TDS values (≤1,067 mg/L), 
typical features of springs related to a shallow aquifer. The δ18O-
H2O and δD-H2O values indicate that all waters have a dominant 
meteoric origin. Enrichments in 18O and D shown by Colpitas 
and Putre thermal waters are likely due to steam loss and water-
rock interaction, masking a possible direct steam contribution 
from magmatic degassing. Gas emissions from Colpitas bubbling 
pools are dominated by CO2, with significant concentrations of 
CH4, H2S and H2. The Rc/Ra values (up to 2.04) of Colpitas gases 
indicate a significant contribution of magmatic to mantle He, 
whereas the high CO2/
3He ratios, combined with δ13C-CO2 values 
ranging from -7.66 to -5.63 ‰ vs. PDB, imply a dominant crustal 
CO2 source, mostly involving limestone. Estimated temperatures 
based on the composition of waters and gases from Colpitas are 
up to 215 °C. Higher temperatures (240 °C) are estimated for 
Putre thermal waters, although these waters, as well as those from 
Jurase and Las Cuevas, are too immature for a reliable application 
of geothermometric techniques. Based on the theoretical reservoir 
temperature and the measured Cl total output, the thermal energy 
released from Colpitas thermal area is estimated at up to 13.9 Mw. 
Such results suggest the occurrence of a promising heat source, 
possibly related to Taapaca volcanic complex, and encourage the 
development of future research based on combined geophysical and 
geochemical approaches, in order to provide a reliable evaluation 
of the geothermal potential of the whole area.
Key words: Colpitas-Taapaca geothermal system, fluid 
geochemistry, volcanic-hydrothermal system, geothermal 
potential.
INTRODUCTION
The Central Volcanic Zone (CVZ) of the Andean 
range (Fig. 1a) hosts several active volcanoes and intense 
hydrothermal activity (Fig. 1b), the latter being mostly 
related to volcanic edifices (e.g. de sIlva & FrancIs, 1991; 
gonzález-Ferrán, 1995).
Geothermal exploration in the northern Chilean 
sector of CVZ started in the 1960s, in response to the 
increasing demand of Chile for alternative energy 
resources, focusing on El Tatio and Puchuldiza areas 
(lahsen, 1969; Mahon, 1974; JIca, 1979; elc, 1980; JIca, 
1981) and prosecuted in the 1970s also including Salar 
de Surire (truJIllo, 1972; cusIcanquI, 1979). Geothermal 
exploration in this region was suspended in 1982, and 
started again at the end of 1990s, when governmental 
regulations promoted a renewed interest for this natural 
resource, extending the areas of interest to Pampa Lirima, 
Pampa Apacheta and La Torta de Tocorpuri (Fig. 1b). 
Other volcanic-hydrothermal systems characterized by a 
high geothermal potential (e.g. Tacora, Irruputuncu-Olca, 
Juncalito) were recently recognized (capaccIonI et alii, 
2011; aravena et alii, 2016). Notwithstanding the relative 
high geothermal potential in northern Chile (~1,300 
MWe; procesI, 2014), geothermal exploitation actually 
only started in September 2017 at Pampa Apacheta 
(Cerro Pabellón plant: 48 MWe), being delayed respect to 
the exploration phase due to both the difficult economic 
situation of the country and the remote location of the 
geothermal fields. Such a new phase gave a pulse to the 
investigation of areas where promising hydrothermal 
system were previously recognized. In this framework, 
preliminary geophysical and geochemical surveys were 
carried out at Colpitas, a thermal area located few km 
NE of Taapaca Volcanic Complex (TVC) in northern 
Chile, characterized by the occurrence of several thermal 
springs and large zones showing hydrothermally altered 
terrains. The results of preliminary surveys (aguIrre et 
alii, 2011) suggested the possible occurrence of a fluid 
reservoir with a temperature of ~200 °C.
In this work, we present the results of a detailed 
geochemical investigation of the chemical and isotopic 
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composition of water and gas samples collected from 
Colpitas and three thermal areas located south of TVC, 
namely Putre, Las Cuevas and Jurase. The main aim is 
to provide insights into (i) the origin of the hydrothermal 
fluids of the Colpitas-Taapaca system, (ii) the physical-
chemical conditions controlling their chemistry at 
depth, and (iii) an updated evaluation of the geothermal 
potential.
GEOLOGICAL SETTING AND DESCRIPTION OF THE 
THERMAL AREAS 
Most hydrothermal systems in the Chilean western 
side of CVZ (lahsen, 1969; truJIllo, 1972; lahsen, 
1976; MarInovIc & lahsen, 1984; tassI et alii, 2010) are 
located within NS-NW-trending grabens, which favor 
the uprising of fluids from reservoirs hosted in upper 
Oligocene-Pleistocene volcanic rocks or, less frequently, 
in middle Cretaceous-to-upper Miocene volcano-
sedimentary sequences (Fig. 2). The Colpitas-Taapaca 
area is characterized by the occurrence of NS- and NW- 
trending folds and faults (Muñoz & charrIer, 1996; garcía 
et alii, 2004, 2012). An upper Oligocene-Miocene volcano-
sedimentary sequence (Lupica Formation) underlies the 
Miocene volcanoclastic Huamachuco sequence and the 
Pliocene-Pleistocene Lauca Formation, a succession of 
lacustrine and epiclastic deposits interbedded with the 2.7 
Ma Lauca Ignimbrite (Kött et alii, 1995; wörner et alii, 
2000; garcía et alii, 2004). The youngest deposits consist 
of a series of Pliocene-Pleistocene fluvio-lacustrine gravels, 
sandstones and siltstones (Visviri Formation; garcía et alii, 
2012). TVC (Fig. 2) was regarded as a potentially active 
long-lived volcanic system (1.5 Ma–Holocene; clavero 
et alii, 2004). Four main stages of volcanic activity were 
here recognized, being characterized by: (i) the emission 
of andesitic lavas from the northern flank (Stage I); (ii) a 
steep-sided lava-dome complex, block-and-ash flow and 
lahar deposits on the northern and eastern flank of the 
volcanic edifice (Stage II; 1.5-0.5 Ma); (iii) dacitic lavas, 
domes and associated block-and-ash flow deposits on 
the central part, southwestern and eastern flanks (Stage 
III; 0.5-0.47 Ma); iv) Late Pleistocene–Holocene activity 
(Stage IV: 0.45 Ma to ~2.2 ka), characterized by the 
extrusion of voluminous dacitic domes and the occurrence 
of numerous block-and-ash flows, blasts, fallouts, lahars 
and both primary and secondary pyroclastic flows on the 
southern flank (clavero et alii, 2004). Putre, the main 
village in this zone of Chilean Altiplano, is built on the 
top of Taapaca pyroclastic deposits (Fig. 2), some younger 
than 8 ka (clavero et alii, 2004). The temporal evolution 
of volcanic activity was marked by a migration (4-5 km) 
of the main eruptive vents towards SSW (Kohlbach & 
lohnert, 1999; clavero et alii, 2004). 
The Colpitas thermal springs (Fig. 3a) are hosted 
within a flat valley, located 30 km NE of Putre village 
and 17 km NE of TVC (Figs. 1 and 2), and are affected by 
intense hydrothermal alteration. Thermal discharges with 
a vigorous gas bubbling and presence of polychromatic 
algae occur in two sectors in the valley at altitudes ranging 
from 4,130 to 4,170 m a.s.l. Kaolin and silica sinter 
deposits (amorphous silica/opal-A, quartz, cristobalite) 
were reported to occur south of the thermal area, whilst 
salt (e.g. halite, ulexite) and calcite deposits were observed 
along Colpitas river, which is the main outflow of the 
thermal discharges (aguIrre et alii, 2011).
Las Cuevas springs (Fig. 3b), which consist of small 
water pools representing a local touristic attraction, are 
located 10 km SE of TVC (Fig. 1) at an altitude of 4,480 
m a.s.l. 
Putre thermal springs (Fig. 3c) are located 11 km SW 
of TVC and 2 km E of Putre village (Fig. 2) at an altitude 
of 3,770 m a.s.l. Sinter deposits and stepped morphology 
mark the whole emission area.
Jurase thermal springs (Fig. 3d) are located at an 
altitude of 4,060 m a.s.l., 12 km S of TVC and 5.5 km 
E of Putre village (Fig. 2), inside an area characterized 
by strong hydrothermal alteration, sinter deposits and 
abundant polychromatic algae (healy, 1968; truJIllo, 
1972; lahsen; 1976).
SAMPLING AND ANALYTICAL METHODS
water and gas saMplIng
Gas and water samples from cold and thermal springs 
from Colpitas, Putre, Jurase and Las Cuevas areas were 
collected in November 2018 and May 2019. 
Waters were sampled in high-density polyethylene 
(HDPE) bottles, as follows: 2 samples filtered at 0.45 μm 
(Millipore®) and acidified (1%) with ultrapure HCl 
and HNO3 for the analysis of major cations and trace 
elements, respectively; 1 filtered sample for the analysis 
of anions; 1 unfiltered sample, collected in dark glass 
bottle, for the analysis of δ18O and δD.
Fig. 1 - (a) Schematic map of Northern, Central, Southern and 
Austral volcanic zones (NVZ, CVZ, SVZ and AVZ, respectively) of the 
Andean Range with (b) the location of the main active volcanoes and 
hydrothermal systems in CVZ. 
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Gas samples from bubbling pools were collected using 
a funnel up-side-down positioned above the bubbles and 
connected through tygon tubes to the sampling devices 
consisting of: (i) a pre-evacuated 60 mL glass bottle 
equipped with a Thorion® valve and partially filled with 
a 4 M NaOH and 0.15 M Cd(OH)2 alkaline suspension, 
for the analysis of the chemical gas composition and the 
13C/12C ratios in CH4 (MontegrossI et alii, 2001); (ii) a pre-
evacuated 60 mL glass flask equipped with a Thorion® 
valve for the analysis of the 3He/4He, 4He/20Ne, and 
40Ar/36Ar ratios; (iii) a 12 mL glass vial equipped with a 
rubber septum for the analysis and 13C/12C ratios in CO2.
Fig. 2 - Geological map of the region showing the location of Colpitas, Las Cuevas, Putre and Jurase thermal area and Taapaca Volcanic Complex 
(TVC).
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Fig. 3 - Geological maps of the thermal areas studied: (a) Colpitas, (b) Las Cuevas, (c) Putre and (d) Jurase. Sampling sites are reported. 
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cheMIcal and IsotopIc analyses oF waters
Water temperature and pH were measured in situ 
using a portable instrument. Total alkalinity was analysed 
by acidimetric titration (AT) using HCl 0.01 N. Main 
anions (F-, Cl-, Br-, NO3
- and SO4
2-) and cations (Ca2+, Mg2+, 
Na+, K+, NH4
+ and Li+) were analysed at the Laboratory 
of Fluid Geochemistry of the University of Florence 
(Italy) by ion-chromatography (IC), using Metrohm 761 
and Metrohm 861 chromatographs, respectively. The 
analytical errors for AT and IC were ≤5%. Boron was 
analyzed by molecular absorption spectrometry (MAS; 
Philips UNICAM) using the Azomethine-H (AH) method 
(Bencini, 1985). The analytical error for MAS was 
≤5%. Selected trace elements (As, Ba, Fe, Mn and Sb) 
were analyzed by Inductively Coupled Plasma Optical 
Emission Spectrometry (ICP-OES) using an Optima 
8000 Perkin Elmer spectrometer. The analytical error 
for ICP-OES was ≤10%. The 18O/16O and 2H/1H ratios of 
water samples (δ18O-H2O and δD-H2O expressed as ‰ 
vs. V-SMOW) were determined by isotope ratio mass 
spectrometry (IRMS). Oxygen and hydrogen isotopes 
measurements were carried out by laser spectroscopy 
(LGR DT-100 Liquid Water Stable Isotope Analyzer) at 
the Laboratory of Stable Isotopes of INGV (Palermo, 
Italy). Analyses were carried out following the protocol 
of the International Atomic Energy Agency (2009), with 
analytical error <1%. 
cheMIcal and IsotopIc analyses oF bubblIng gases
The gas chemical composition was determined at 
the Laboratory of Fluid Geochemistry of the University 
of Florence (Italy). The analysis of N2, (Ar + O2), H2 and 
He in the headspace of the sampling flasks were carried 
out by gas chromatography (GC) using a Shimadzu 
15A instrument equipped with a Thermal Conductivity 
Detector (TCD). Argon and O2 were analyzed using a 
Thermo Focus gas chromatograph equipped with a 30 
m long capillary molecular sieve column and a TCD. 
Methane and light hydrocarbons were analyzed by GC 
using a Shimadzu 14A instrument equipped with a Flame 
Ionization Detector (FID) and a 10 m long stainless-steel 
column packed with Chromosorb PAW 80/100 mesh 
coated with 23% SP 1700 (vasellI et alii, 2006). The 
analytical error for the GC analysis was ≤10%. Liquid 
and solid phases from the alkaline suspension were 
separated by centrifugation to carry out the analyses of 
CO3
2- (deriving from CO2 dissolution) by AT (using HCl 
0.5 N and a Metrohm Basic Titrino), and SO4
2- (deriving 
from H2S trapped as CdS and dissolved/oxidized with 
H2O2) by IC (Methrom 761) (MontegrossI et alii, 2001).  
The 13C/12C ratio in CO2 and CH4 (d
13C-CO2 and d
13C-
CH4 expressed as ‰ vs. V-PDB) were analyzed at the 
Laboratory of Fluid Geochemistry of the University of 
Florence by cavity ring-down spectroscopy (Picarro 
G2201-i). A copper trap was connected to the gas inlet 
in order to remove H2S (venturI et alii, 2019). Analytical 
error for δ13C-CO2 and δ
13C-CH4 were 0.16‰ and 1.15‰, 
respectively. 
The 3He/4He, 4He/20Ne and 40Ar/36Ar ratios were 
analyzed at the Noble Gas Isotope Laboratory of INGV 
(Palermo, Italy) by mass spectrometry. According to 
the procedure reported by rIzzo et alii (2015, 2016, 
2019), He, Ne and Ar were purified from the gas 
mixture in three distinct ultra-high-vacuum lines and 
then separately introduced into three dedicated mass 
spectrometers: (i) a split-flight-tube (GVI Helix SFT) 
for helium isotopes, (ii) a multicollector (Thermo Helix 
MC plus) for neon isotopes, and (iii) a multicollector 
(GVI Helix MC) for argon isotopes. The analytical errors 
for the determination of 3He/4He, 20Ne and 40Ar/36Ar 
were ≤1%, <0.1%, and <0.1% respectively. The 3He/4He 
ratios were expressed as R/Ra, where R is the 3He/4He 
measured in the sample and Ra is the 3He/4He ratio in 
the air and equal to 1.39×10-6 (Mamyrin & Tolstikhin, 
1984). The measured R/Ra values were corrected for air 
contamination based on the 4He/20Ne ratios (Poreda & 
Craig, 1989), as follows:
Rc/Ra = [(R/Ra) – r)]/(1-r) (1)
where r = (4He/20Ne)air/(
4He/20Ne)meas, the (
4He/20Ne)
air ratio that in the atmosphere (0.318; ozIMa & posodeK, 
1983) and the (4He/20Ne)meas ratio that measured in the 
gas sample.
RESULTS
cheMIcal and IsotopIc (δ18o-h2o and δd-h2o) coMposItIon 
oF waters  
Sample location (UTM coordinates in WGS84, Zone 
19), altitude (m a.s.l.), pH, temperature (°C), chemical 
(mg/L) and isotopic composition of waters are reported 
in Table 1. The outlet temperatures of Colpitas waters 
range from 11 to 56 °C, whereas their pH values are from 
3.13 to 9.15. Jurase waters have outlet temperatures 
up to 68 °C and pH values from 6.62 to 71.9, whereas 
Putre waters have lower temperatures (from 21 to 39 
°C) and a similar range of pH values (from 6.35 to 7.92). 
Eventually, the outlet temperatures and the pH values of 
Las Cuevas waters are from 11 to 36 °C and from 7.32 to 
9.48, respectively.
Colpitas thermal waters, as well as Co5, Co12 and 
Co14 cold waters, show a Na+-Cl- composition (Fig. 4a,b) 
and relatively high TDS values (up to 19,118 mg/L), 
whereas Co1, Co2 and Co13 cold waters have a Ca2+-
SO4
2- composition and lower TDS values (from 1,166 to 
1,350 mg/L). Putre thermal waters are similar to those 
from Colpitas, having a Na+-Cl- composition (Fig. 4a,b) 
and TDS values from 7,225 to 7,887 mg/L. Jurase waters, 
notwithstanding their high outlet temperatures, have 
a Ca2+-SO4
2- composition (Fig. 4a,b) and relatively low 
TDS values (≤2,355 mg/L). Las Cuevas thermal water 
have a Na+-Cl- composition (Fig. 4a,b), although its TDS 
value (1,067 mg/L) is significantly lower than those of 
the Na+-Cl- waters from the other thermal areas. Las 
Cuevas cold spring have a Na+(Ca2+)-HCO3
- composition 
and the lowest TDS values of the dataset (56 mg/L). 
The NO3
- concentrations range from 0.42 to 22 mg/L, 
with no clear distinction among waters from different 
areas. On the contrary, most minor and trace chemical 
species, i.e. B, Li+, NH4
+, Fe, Sb, Mn, and As, show the 
highest concentrations in Na+-Cl- thermal waters (up to 
130, 31, 6.8, 1.5, 1.4, 0.81, and 0.24 mg/L, respectively), 
and are significantly lower (1-2 orders of magnitude) 
in the other water samples. Barium show an opposite 
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distribution since its concentrations are higher in 
Colpitas cold waters and Las Cuevas ones (from 0.16 
to 0.23 mg/L) and one order of magnitude lower in all 
thermal waters. 
The δ18O-H2O and δD-H2O values of Colpitas water 
range from -10.0‰ to -8.7‰ and from -97.7‰ to -94‰ 
vs. V-SMOW, respectively, whereas that of Putre thermal 
water (Pu3) is slightly higher (-8.5‰ and -75.3‰ vs. 
V-SMOW, respectively). On the contrary, those of Jurase 
and Las Cuevas waters are more negative, ranging from 
-14.7‰ to -13.4‰ and from -111‰ to -75.3‰ vs. V-SMOW, 
respectively).
cheMIcal and IsotopIc coMposItIon oF gases
Chemical (in mmol/mol) and isotopic composition 
(δ13C-CO2, δ
13C-CH4, Rc/Ra, 
4He/20Ne and 40Ar/36Ar ratios) 
of bubbling gases from Colpitas are reported in Table 
2. Gas composition is largely dominated by CO2 (504 to 
953 mmol/mol), followed by significant concentrations 
of N2 (31 to 471 mmol/mol) and CH4 (0.13 to 15 mmol/
mol). Hydrogen sulfide, Ar and O2 have concentrations up 
to 5.2, 9.8 and 15 mmol/mol, whereas those of H2 and He 
are ≤0.079 and ≤0.007 mmol/mol, respectively. The sum of 
light hydrocarbons, consisting of C2-C4 alkanes and alkenes 
and C6H6, is ≤0.089 mmol/mol.
The δ13C-CO2 and δ
13C-CH4 values range from -7.66‰ 
to -5.63‰ and -27.3‰ to -24.8‰ vs. V-PDB, respectively, 
whereas the Rc/Ra values are from 1.29 to 2.04. The 
40Ar/36Ar ratios are <303, being close the atmospheric value 
(295.5; Ozima & Posodek 2002).
DISCUSSION
orIgIn oF waters
According to the most widely accepted classification of 
thermal waters proposed by Giggenbach (1988) based on 
the Cl-, HCO3
- and SO4
2- concentrations (Fig. 4b), waters 
circulating in deep, high-enthalpy geothermal reservoirs 
show a Na+-Cl- composition and Cl- concentrations up to 
ten thousand mg/L, although in some systems (e.g., Salton 
Sea, California; ThoMpson & FournIer, 1988) Cl- may be 
as high as 200,000 mg/L. The origin of Cl- in geothermal 
reservoirs associated with volcanic-magmatic systems and 
located along convergent plate boundaries, is mostly related 
to absorption of HCl-rich volcanic vapors. The initially 
acid aqueous solutions are converted to neutral waters, as 
consequence of extensive water-rock interaction, causing 
the progressive enrichment in cations, especially Na+ that 
is leached from host rocks. On the contrary, Mg2+ and, at a 
lesser extent, K+ are incorporated in alteration-clay minerals 
(gIggenbach, 1997; reed, 1997). The chemical compositions 
of Colpitas and Putre thermal waters are thus consistent 
with that of a brine diluted, at various degrees, by shallow, 
low-TDS waters encountered upon approaching the surface. 
Las Cuevas thermal spring may be related to the same origin, 
although more strongly affected by dilution. The chemical 
features of Jurase waters likely derive by the interaction of 
a shallow aquifer with CO2- and H2S-rich gases produced 
by steam separation from boiling hydrothermal fluids, as 
typically occurs above the upflow part of a geothermal system 
(gIggenbach, 1991; nIcholson, 1993). The lack of significant 
contribution from the deep brine explains the immaturity of 
these waters (Fig. 4b). The Ca2+-SO4
2- Colpitas cold springs, 
Fig. 4 - Square diagram (langelIer & ludwIg, 1942) and HCO3
--Cl--SO4
2- ternary diagram (in meq/L) for waters from Colpitas, Jurase, Putre and 
Las Cuevas thermal areas. Symbols as Fig. 3.
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like the Jurase springs, were likely receiving relatively low 
amount of deep vapors, not able to significantly increase the 
water temperature.
As far as water isotopes are regarded, both Colpitas and 
Putre thermal waters (Fig. 5) show a significant enrichment 
in δ18O-H2O and δD-H2O values respect to δ
18O-H2O and 
δD-H2O values of the local precipitation at >5,000 m a.s.l. 
(chaFFaut et alii, 1998), where the recharge area is likely 
located considering the altitude of the springs (Table 1). 
Enrichments in both 18O and D may be caused by (i) steam 
loss, and (iii) mixing between meteoric and “andesitic” 
water (taran et alii, 1989; gIggenbach, 1992). The lack of 
a significant correlation of δ18O-H2O and δD-H2O values 
with Cl- concentrations (Fig. 6) suggest that the 18O and 
D enrichments shown by the Colpitas and Putre thermal 
waters (Fig. 5) are caused by the first process, which masked 
a possible steam contribution from magmatic degassing. It 
is worth noting that the Ca2+-SO4
2- Jurase and Las Cuevas 
waters plot on the LMWL, roughly corresponding to their 
emergence altitude, considering a gradient of d18O-H2O 
fractionation with altitude of 2.6‰/km (peralta arnold 
et alii, 2017). This supports the hypothesis that they are 
fed by local rainwater interacting with hydrothermal gases 
emerging at the surface.
Boron and Cl- are considered useful geochemical 
tracers for geothermal waters (e.g. nIcholson 1993; 
arnórsson & andrésdóttIr, 1995), which commonly show 
Cl-/B ratios ranging from 10 to 100 (e.g. ellIs & Mahon, 
1977), i.e. consistent with those of Colpitas thermal waters 
(from 47 to 113) and significantly lower than those of Putre 
waters (from 175 to 296), the latter being possibly caused 
by B incorporation in secondary minerals (e.g. ellIs & 
Mahon 1977; Arnórsson & Andrésdóttir, 1995). Although 
the Cl-/B ratios of Jurase and Las Cuevas waters are even 
lower than those of the Colpitas waters, the relatively 
low concentrations of these two chemical species (≤280 
and ≤7.9 mg/L for Cl- and B, respectively) suggest that a 
significant geothermal contribution is unlike. As shown in 
Fig. 7, the NH4
+ concentrations are strictly related (r2 >0.9) 
to those of B and Cl-, supporting the hypothesis that they 
have a common hydrothermal source (e.g., tonanI, 1970; 
MartInI et alii, 1984). Similarly, the concentrations of Fe, 
Mn, As and Sb (Table 1), which are commonly enriched in 
hydrothermal fluids (stauFFer & thoMpson, 1984; webster 
& nordstroM 2003; aIuppa et alii, 2006; KaasalaInen & 
steFánsson, 2012; wIlson et alii, 2012; göb et alii, 2013), 
are consistent with those of B and NH4
+. The relatively 
high concentrations of Li+ shown by Colpitas and Putre 
thermal waters (Table 1) is a typical geochemical feature 
of mature (or partially mature) hydrothermal fluids, since 
this element is released during water-rock interactions and 
is intimately dependent on the temperature (e.g. FouIllac 
& MIchard, 1981; arehart et alii, 2003). On the contrary, 
Ba concentrations in Na+-Cl- thermal waters (Colpitas and 
Putre) are lower than those in low-TDS waters (Jurase 
and Las Cuevas), likely due to calcite precipitation, being 
this element easily incorporated in carbonate minerals 
(yoshIda et alii, 2008).
On the whole, the chemical and isotopic characteristics 
of Colpitas and Putre thermal springs are definitely 
consistent with those of geothermal fluids, although it 
is not clear if both these thermal areas are related to a 
unique, contiguous fluid reservoir, considering the long 
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The high-altitude (>5,000 m a.s.l.) volcanic systems in 
their surroundings (i.e. Taapaca, Copatanga and Lexone 
volcanic complexes; Fig. 2) likely represent the areas of 
meteoric recharge, although detailed investigations aiming 
to describe the hydrological and geo-structural settings are 
needed to support this hypothesis. Uprising geothermal 
waters are diluted at relatively shallow depth by mixing 
with low-TDS aquifers fed by local rainwater, the latter 
receiving a separated steam rich in H2S, producing Ca
2+-
SO4
2- waters (e.g. cold Colpitas waters and Jurase and Las 
Cuevas thermal springs), with almost negligible direct 
contribution from the brine.
orIgIn oF gases
Bubbling gases from Colpitas are basically consisting 
of compounds deriving from (i) air (N2, Ar and O2) and 
(ii) a hydrothermal component, dominated by CO2 with 
significant amounts of H2S, CH4, light hydrocarbons and 
H2. All gas samples have N2/Ar ratios (38.3 to 48.7), i.e in the 
range of those of air saturated water (ASW: 38 to 42 at 10-70 
°C) and air (~80), excluding significant contribution from 
an extra-atmospheric N2 source, as commonly observed in 
fluids from hydrothermal-volcanic systems in convergent 
plate boundaries (gIggenbach, 1997; snyder et alii, 2003). 
Similarly, the 40Ar/36Ar ratios (between 295 and 303) are 
basically consistent with the atmospheric value (295.5; 
ozIMa & posodeK, 2002), indicating that radiogenic Ar is 
negligible. Addition of O2-depleted air to the hydrothermal 
gases likely occurs at depth, as dissolved phase in the 
recharging meteoric water. However, air contribution 
is also related to shallow aquifers, as indicated by the 
presence of O2 (Table 2), especially in the low-temperature 
thermal springs (Co5 and Co12).
Hydrogen sulphide, CH4, and H2 are the most common 
gases in a hydrothermal environment, where reducing 
conditions are produced by chemical reaction between 
circulating fluids and embedding rocks (e.g. gIggenbach 
1991; chIodInI & MarInI 1998). Both the δ13C-CH4 values 
(Table 2) and CH4/(C2H6/C3H8) ratios (~130) fit with the 
values of thermogenic CH4 suggested by bernard et 
Fig. 5 - 18O-H2O vs. δD-H2O (‰ vs. V-SMOW) binary diagram for 
waters from Colpitas, Jurase, Putre and Las Cuevas thermal areas. 
Local Meteoric Water Line (LMWL) and the local precipitation 
at >5,000 m a.s.l. (chaFFaut et alii 1998) (grey dot), as well as the 
“andesitic” field (taran et alii, 1989; gIggenbach, 1992), are reported. 
Symbols as Fig. 3.
Fig. 6 - δ18O-H2O and δD-H2O (‰ vs. V-SMOW) vs. Cl
- (in mg/L) binary 
diagrams for waters from Colpitas and Putre thermal areas. Symbols 
as Fig. 3.
Fig. 7 - Boron and Cl- vs. NH4
+ (in mg/L) binary diagrams for waters 
from Colpitas, Jurase, Putre and Las Cuevas thermal areas. Symbols 
as Fig. 3.
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alii (1978), schoell (1980) and whItIcar et alii (1986). 
Thermogenic degradation likely involves organic matter 
hosted within volcanic-sedimentary sequences in the study 
area, such as Lupica and Lauca Formations (garcía et alii, 
2004). The origin of H2S is possibly related to the deep 
heat (magmatic?) source (i.e. H2S formed by reduction of 
magmatic SO2), although further geochemical evidences 
(e.g. d34S-H2S values, not available for the present study) 
are needed to discriminate different potential S-sources. 
The δ13C-CO2 values (-7.66‰ to -5.63‰ vs. V-PDB) 
are in the range of mantle CO2 (rollInson, 1993; hoeFs, 
1997; ohMoto & goldhaber, 1997). However, the Rc/Ra 
values (1.3 to 2.0 Ra; Table 2), similar to those reported 
by aguIrre et alii (2011), indicate that He resulted from 
a mixing between crustal (0.01-0.05; poreda & craIg, 
1989; hIlton et alii, 2002) and mantle fluids probably 
related to local magmatism. The magmatic/mantle 
He contribution for Colpitas gases is, indeed, ≤25.5%, 
assuming a MORB-like R/Ra value of 8±1 (grahaM, 2002), 
which seems a reasonable assumption based on previous 
studies carried out in Central and South American 
volcanic areas (tassI et alii, 2017; batIsta cruz et alii, 
2019). The presence in thermal springs of Rc/Ra lower 
than the expected mantle signature is a common feature 
in hydrothermal fluids emitted far from the main eruptive 
vents or in volcanic areas characterized by the waning of 
magmatic activity at depth (hIlton et alii, 2002; aguIlera 
et alii, 2012; benavente et alii, 2016; lopez et alii, 2018 
and references therein). Moreover, it is well known that 
the South American volcanic arc is built upon medium-
high thickness of continental crust, which favors the 
contamination of mantle fluids by radiogenic 4He (hIlton 
et alii, 1993). Hence, the source regions for CO2 and He are 
apparently different. Following the approach proposed 
by sano & Marty (1995), CO2 contributions from mantle 
(M), subducted marine limestone (L) and organic-rich 
sediment (S) can be distinguished based on CO2/
3He 
ratios and δ13C-CO2 values. As shown in Fig. 8, CO2 in 
Colpitas gases, in agreement with data of gases from 
other hydrothermal areas of northern Chile (e.g. El Tatio, 
Puchuldiza-Tuja and Surire; tassI et alii, 2010), is mostly 
deriving from crustal sources (L and S up to 76% and 24%, 
respectively; Table 2), whereas M is <1%, i.e. lower than 
the typical range for volcanic gases in subduction zones 
(4-20%; sano & Marty, 1995). It is worth noting that the 
evaluation of the percentage of L may be underestimated 
with respect to that of S, since gases may be affected by 
changes of d13C-CO2 values due to secondary processes, 
such as multi-step CO2 dissolution and calcite deposition 
(venturI et alii, 2017, and references therein). 
geotherMoMetry
According to the approach proposed by gIggenbach 
(1988), chemical reactions involving Mg, Na and K during 
water-rock interactions can be used to evaluate the degree 
of maturity of thermal waters and, if waters attained 
(or approached) chemical equilibrium, the temperature 
of their feeding hydrothermal system. As shown in the 
Na+/400-K+/10-√Mg2+ ternary diagram (Fig. 9), waters 
from Las Cuevas and Jurase thermal areas, as well as 
part of those from the Colpitas cold springs, are too 
immature for a reliable geothermometric estimation. On 
the contrary, Colpitas thermal springs seem to approach 
equilibrium at temperature ranging from 190 to 215 °C, 
confirming the results obtained by aguIrre et alii (2011). 
Putre thermal springs plot at the limit between immature 
and partially equilibrated waters at temperature up to 
240 °C, a result that is to be taken with caution given the 
relatively low degree of maturity of these waters. Further 
constraints into the chemical-physical conditions of the 
feeding systems can be obtained by plotting Colpitas 
and Putre thermal springs in the (10K+/[10K++Na+] 
vs. 10Mg2+/[10Mg2++Ca2+]) binary diagram (Fig. 10), 
based on equilibrium temperatures in the Na+–K+–
Mg2+–Ca2+ system. Considering that most CO2 derives 
from limestone (Fig. 8), a mineral assemblage involving 
calcite, dolomite, anhydrite, fluorite, albite, K-feldspar, 
Ca- and Mg-saponite (chIodInI et alii, 1995) was used to 
construct the equilibrium curves instead of that adopted 
by gIggenbach (1988). At PCO2 values ranging from 1 to 
100 bar, the temperatures estimated by combining the 
Na-K and K-Mg geothermometers are roughly confirmed.
Estimations of hydrothermal reservoir temperatures 
are often based on gas equilibria in the H2-H2O-CO-
CO2-CH4 system (e.g. chIodInI & MarInI 1998). However, 
H2O (vapor) in bubbling gases, especially those having 
relatively low outlet temperatures such as those of this 
study, is mostly lost due to condensation, a shallow 
process that commonly causes the dissolution of CO, a gas 
species actually not detected in our gas samples. Hence, 
equilibrium temperatures are tentatively estimated by 
applying the CO2-H2-Ar geothermometer (gIggenbach, 
1991). According to this approach, the origin of Ar in the 
Fig. 8 - CO2/
3He vs. δ13C-CO2 binary diagram for gases from Colpitas 
thermal area. End-member compositions of sedimentary (organic)-
derived carbon (S), calcareous (limestone)-derived carbon (L) and 
mantle-derived carbon (M) are from Sano and Marty (1995). Data 
of gases from Surire (SU), Puchuldiza-Tuja (PT), and El Tatio (ET) 
geothermal areas (tassI et alii, 2010) are reported for comparison. 
Symbols as Fig. 3.
GEOCHEMICAL SURVEY OF THE COLPITAS-TAAPACA VOLCANIC-HYDROTHERMAL SYSTEM, NORTHERN CHILE 369
hydrothermal fluid is considered completely atmospheric, 
i.e. as dissolved gas within air-saturated meteoric water 
(ASW) recharging the hydrothermal system. Considering 
that hydrothermal fluids are O2-free, the effect of air 
contamination at the surface is minimized by subtracting 
to Ar concentrations the corresponding O2/22 ratios (i.e. 
the O2/Ar ratio in air). At redox conditions controlled by a 
buffer typical for a hydrothermal system (DP; D’Amore & 
Panichi, 1980), Colpitas gases seem to be shifted respect 
to the equilibrium temperature suggested by water 
chemistry (Fig. 11), possibly due to loss of H2 and/or 
air addition, i.e. secondary processes typically affecting 
uprising hydrothermal gases mixing with meteoric 
aquifers at shallow depth. 
Methane can also be involved in geothermometric 
calculations, assuming that it was controlled by Sabatier 
reaction, as follows:
CH4 + 2H2O ↔ CO2 + 4H2  (2)
Given that log(fH2O) = 4.9 – 1820/T (Giggenbach, 
1987) and redox conditions are controlled by the DP 
buffer, equilibrium curves in liquid and vapor phases for 
reaction (2) can be computed and plotted in a log(CH4/
CO2) vs. log(H2/Ar) binary diagram (Fig. 12). Colpitas 
gases plot far from vapor-liquid equilibrium field, even 
considering H2 depletion, suggesting lack of equilibrium 
of reaction (2) due to its slow kinetics. Based on the d13C-
CH4 values (Table 2), a significant addition of biogenic 
CH4 is indeed to be excluded. 
A further opportunity to provide information on 
the thermodynamic conditions controlling the Colpitas 
thermal fluids is provided by the C3H8-C3H6 pair (e.g. 
taran & gIggenbach, 2003; tassI et alii, 2005), which in 
hydrothermal fluids may depend of dehydrogenation 
reaction, as follows:
C3H8 ↔ C3H6 +H2 (3)
The dependence of reaction (3) on temperature and 
redox conditions (RH = log(H2/H2O)) in a vapor phase can 
be expressed, as follows (capaccIonI et alii, 2004):
log(XC3H6/XC3H8) = 2.25 - RH - 4,780/T(K) (4)
Assuming that the log(C3H6/C3H8) ratios in vapor are 
equal to those in the liquid phase (tassI et alii, 2007), 
the log(XC3H6/XC3H8) values were plotted vs. temperatures 
in the Na-K-Mg system (Fig. 9), showing RH values at 
equilibrium temperatures (>-3.9) basically coinciding 
with those dictated by the DP buffer (Fig. 13). 
 evaluatIon oF the geotherMal potentIal
All thermal water discharged from the Colpitas springs 
flow through Colpitas river. Such a hydrological setting 
allows the application of a simple method, successfully 
used at Yellowstone (USA; FournIer, 1989) and Domuyo 
volcano (Argentina; chIodInI et alii, 2014), to evaluate 
the thermal energy (QH in J/s) released from Colpitas 
discharges, as follows: 
QH = (QCl/ClT) × HT (5)
where QCl is the Cl
- flux (in g/s) in the river, ClT is the Cl
- 
concentration on the original hydrothermal liquid, and HT 
the enthalpy (J/g) of the liquid at reservoir temperature. 
Fig. 9 - Mg2+– Na+ – K+ ternary diagram gIggenbach (1988) for waters 
from Colpitas, Jurase, Putre and Las Cuevas thermal areas. Symbols 
as Fig. 3.
Fig 10 - [10K+/(10K+ + Na+)] vs. [10Mg2+/(10Mg2+ + Ca2+)] binary 
diagram for Colpitas and Putre thermal springs. Equilibrium curves at 
temperatures ranging from 100 to 300°C in presence of different mineral 
assemblages and salinity values (ƩM: 0.02 and 0.2 mol/L) (gIggenbach, 
1988; chIodInI et alii, 1995) are reported. Symbols as Fig. 3.
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To compute the QCl value, the flow rate of Colpitas 
river was measured using the float method (chIodInI et 
alii, 2014). According to this approach, the mean velocity 
of surficial water at a selected site of the river, i.e. where 
stream and minor rivers converge (sample Co14; Fig. 3a), 
was estimated by measuring the travel time of a float 
across a fixed distance. This value is multiplied by the 
area of the river cross-section at that point. By multiplying 
the river flow rate (128 kg/s) for the Cl- concentration of 
Co14 (1,175 mg/kg), the QCl value is obtained (150 g/s). 
Enthalpy (HT = 923 J/g) is computed using the maximum 
reservoir temperature (~215 °C) estimated by the Na-K 
geothermometer. Assuming the highest measured Cl- 
concentration (Co12: 9.97 g/kg) as ClT value, the thermal 
energy released from Colpitas thermal area is 13.9 Mw, 
a value that is significatively lower compared to those 
estimated for other geothermal areas in northern Chile, 
such as El Tatio and Pampa Apacheta (up to 400 MW; 
procesI, 2014).
CONCLUSIONS
Thermal waters discharged from Colpitas and Putre 
thermal areas show the typical chemical features of 
geothermal fluids, whereas Las Cuevas and Jurase waters 
are related to shallow aquifers affected by dissolution of 
hydrothermal gases. Secondary processes at relatively 
shallow depth affect the gas phase, especially the main 
geoindicators (e.g. H2, CO, and CH4), partially masking 
the chemical features of the deep Colpitas fluids. 
Geothermometric evaluations based on chemical equilibria 
Fig. 11 - Log(H2/Ar) vs. log(CO2/Ar) binary diagram for gases from 
Colpitas thermal area. Equilibrium curves in liquid and vapor phases 
at temperatures ranging from 100 to 350°C and redox conditions 
controlled by the DP buffer (d’aMore & panIchI, 1980) are reported. 
Symbols as Fig. 3. 
Fig. 12 - Log(CH4/CO2) vs. log(H2/Ar) binary diagram for gases from 
Colpitas thermal area. Equilibrium curves in liquid and vapor phases 
at temperatures ranging from 100 to 350°C and redox conditions 
controlled by the DP buffer (d’aMore & panIchI, 1980) are reported. 
Symbols as Fig. 3.
Fig. 13 - Log(C3H6/C3H8) vs. T (°C) (estimated by the Na-K 
geothermometer) binary diagram for gases from Colpitas thermal 
area. Equilibrium curves at redox conditions controlled by DP 
(d’aMore & panIchI, 1980) and GT (gIggenbach, 1987) buffers are 
reported. Symbols as Fig. 3.
GEOCHEMICAL SURVEY OF THE COLPITAS-TAAPACA VOLCANIC-HYDROTHERMAL SYSTEM, NORTHERN CHILE 371
in the Na-K-Mg system suggest reservoir temperatures 
up to 215 °C for Colpitas waters, whereas those of Putre 
seem higher (up to 240 °C), although the latter result is 
less convincing since Putre waters were poorly mature. It 
is not clear if the investigated thermal areas are all related 
to the local volcanic complex (TVC) as the main heat 
source, although the Rc/Ra values measured in Colpitas 
gases accounting for up to 25% of mantle He suggest that 
magmatic degassing is still active in this system with a 
reasonable contribution of crustal-derived radiogenic 4He. 
Thermal energy released from Colpitas, based on the 
estimated reservoir temperature and Cl total output, is up 
to 13.9 Mw, a value apparently low compared with those 
estimated for other geothermal systems in northern Chile. 
However, further studies aimed to describe the geological 
and geostructural settings of the area may be helpful to 
reveal if Colpitas-Taapaca is to be considered a unique 
geothermal system, allowing a comprehensive evaluation 
its geothermal potential. 
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